Combining single-cell methods and next-generation sequencing should provide a powerful means to understand single-cell biology and obviate the effects of sample heterogeneity. Here we report a single-cell identification method and seamless cancer gene profiling using semiconductor-based massively parallel sequencing. A549 cells (adenocarcinomic human alveolar basal epithelial cell line) were used as a model. Single-cell capture was performed using laser capture microdissection (LCM) with an Arcturus® XT system, and a captured single cell and a bulk population of A549 cells (≈ 10 6 cells) were subjected to whole genome amplification (WGA). For cell identification, a multiplex PCR method (AmpliSeq™ SNP HID panel) was used to enrich 136 highly discriminatory SNPs with a genotype concordance probability of 10 [31][32][33][34][35] . For cancer gene profiling, we used mutation profiling that was performed in parallel using a hotspot panel for 50 cancer-related genes. Sequencing was performed using a semiconductor-based bench top sequencer. The distribution of sequence reads for both HID and Cancer panel amplicons was consistent across these samples. For the bulk population of cells, the percentages of sequence covered at coverage of more than 100× were 99.04% for the HID panel and 98.83% for the Cancer panel, while for the single cell percentages of sequence covered at coverage of more than 100× were 55.93% for the HID panel and 65.96% for the Cancer panel. Partial amplification failure or randomly distributed non-amplified regions across samples from single cells during the WGA procedures or random allele drop out probably caused these differences. However, comparative analyses showed that this method successfully discriminated a single A549 cancer cell from a bulk population of A549 cells. Thus, our approach provides a powerful means to overcome tumor sample heterogeneity when searching for somatic mutations.
Introduction
Many areas of genomic research rely on pooled samples that include hundreds to millions of individual cells. When analyzing the genomic data of these samples, the results obtained are only average readouts. If these samples are mixtures or multi-clonal in nature, such as with tumor biopsies, then data interpretation may be hampered by low signal to noise ratios. Heterogeneity often limits data interpretation. Single-cell analysis has the potential to overcome this ambiguity in data interpretation. RNA sequencing to determine expression levels usually involves average values from bulk assays and single-cell analysis may obviate these heterogeneity issues. DNA sequence analysis also involves averaging (Shapiro et al., 2013) .
Cancer research, in particular, would benefit from adopting singlecell analyses, as most tumor samples are mixtures of normal cells and cancer cells (Gerlinger et al., 2012) . Recently, numerous nextgeneration sequencing (NGS) based studies have been conducted to provide a comprehensive molecular characterization of cancers to study tumor complexity, heterogeneity, and evolution (Shyr and Liu, 2013) . Target enrichment methods for NGS are rapidly being developed and should be useful for cancer research by providing a powerful, cost effective method to study DNA and RNA in samples. Many PCR-based enrichment techniques are now available for this purpose (Mertes et al., 2011) .
Currently, most cancer profiling still relies on average analyses, often because of methodological limitations. In these cases, genetic material is extracted from millions of cells. Despite the high sensitivity of modern NGS platforms, mutation frequencies of b5% are difficult to detect even when using very high sequencing coverage (Harismendy et al., 2011) . Thus, important somatic mutations may be missed due to the presence of contaminating wild-type cells or non-clonal contaminating cancer populations within the same sample (Swanton, 2012) . However, research at the single-cell level enables unambiguous detection of rare variants and genetic characterization without this averaging effect of sample heterogeneity (Navin et al., 2011) . Using this approach, cancer cells of different clonal origins, each containing a separate mutational profile, can be distinguished. However, single-cell level analysis carries an increased risk of contamination and analyte identification throughout the analysis is an important control step. Short tandem repeat (STR) analysis has been proposed as a means to overcome these limitations (Korzebor et al., 2013) .
However, these methods are cumbersome and are not seamlessly integrated with functional analysis. Yet, this procedure can be applied to any routine NGS-based workflow. Combining single-cell methods and NGS would provide an effective means to understand single-cell biology and obviate the effects of sample heterogeneity. Here we report a single-cell identification method and seamless cancer gene profiling using semiconductor-based massively parallel sequencing.
Materials and methods
2.1. Cell culture and DNA extraction A549 cells (adenocarcinomic human alveolar basal epithelial cells) were routinely maintained in RPMI 1640 medium with Glutamax-I supplemented with 10% fetal calf serum, penicillin (100 IU/ml), and streptomycin (100 ng/ml) (Life Technologies) with 5% CO 2 in humidified air at 37°C. Cell viability as estimated by trypan blue exclusion was N95% prior to each experiment. For standard processing of a bulk cell population, DNA extraction and purification were performed using a PureLink™ genomic DNA kit (Life Technologies).
Single-cell capture
Single-cell capture was performed using laser capture microdissection (LCM) using an Arcturus® XT system (Life Technologies) (Pietersen et al., 2009) according to the manufacturer's instructions. A549 cells were cultured and adhered to a proton exchange membrane. A CapSure® LCM cap was placed over the target area. Laser pulsing through this cap caused a thermoplastic film to form a thin protrusion that bridged the membrane around a single A549 cell. The membrane around the A549 single cell was cut using a UV laser, and the cap was lifted to remove the target cell attached to it (Supplementary Fig. 1) . A single captured cell and a blank sample, as a negative control, were subjected to whole genome amplification (WGA) using single-cell WGA kits (New England Bio Laboratories) (Zheng et al., 2011) . The total amount of amplified DNA was 3.4 μg, as expected. After WGA, DNA from a single cell was purified using the PureLink™ PCR purification kit.
Library preparation
AmpliSeq technology is an ultra-high multiplex PCR method that utilizes up to 6144 PCR primer pairs in one tube (Yousem et al., 2013 used which interrogated 136 SNPs of high discriminatory power with a genotype concordance probability of 10 31-35 (Pakstis et al., 2010; Sanchez et al., 2006) . Although a 340 SNP panel was available for this technology, this panel provided sufficient discriminatory power and was cost effective. For cancer gene profiling, we used AmpliSeq Cancer hotspot panel version 2 (Life Technologies), which included 207 primer pairs per tube to detect 50 cancer gene hotspots. DNA was extracted from a bulk population of A549 cells (≈10 6 cells), and 10 ng of DNA (≈3000 genome copies) was used as a PCR template. Amplicons were generated in a single PCR reaction tube with an endpoint thermal cycler. A total of 50 ng (single cell Library prep replicate #1) and 10 ng (single cell Library prep replicate #2) of WGA-amplified DNA from a single cell were subjected to PCR using the same conditions as above. The amplicons were partially digested and phosphorylated according to the manufacturer's instructions. Amplicons were ligated to adapters included in an Ion Xpress™ Barcode Adapters 1-16 kit (Life Technologies), nick-translated, and then subjected to another round of PCR to complete the linkage between adapters and amplicons. A BioAnalyzer High Sensitivity DNA kit (Agilent Technologies) was used to visualize the size range and determine the library concentration.
Semiconductor sequencing and data analysis
Individual and combined libraries were attached to Ion Sphere™ particles (ISPs) by emulsion PCR, and biotinylated ISPs were recovered from the emulsion using Dynabeads MyOne™ Streptavidin C1 beads (Life Technologies). Sequencing was performed using a semiconductor-based bench top sequencer (Ion PGM™, Life Technologies) (Rothberg et al., 2011) . Four bar-coded samples were sequenced
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Taqman® assay
A replication study was conducted using TaqMan® SNP genotyping assays with a step One Plus™ thermal cycler (Life technologies). To validate SNP HID sequencing results, allele-specific real-time PCR was used. Primers were used to identify any DNA sequence that contained a polymorphism. Allele discrimination could be determined when a fluorescent probe was hybridized in a complementary target region that should have been amplified.
Results

WGAs
We used a semiconductor-based sequencing system in combination with a cancer hotspot panel for mutational profiling of a single cell. Single-cell capture was performed using LCM (Taylor et al., 2004) , followed by WGA. The procedures used and the time required are shown in Fig. 1 . The total time required for a single experiment was about 21 h. Successful amplification of the samples was confirmed by agarose gel electrophoresis (Fig. 2) . Negative controls were included with each amplification batch. No amplification was observed for negative cell controls. This protocol utilized a highly multiplexed PCR amplification method (AmpliSeq™, Life Technologies) to enrich target sequence pools, a human identification pool, and a Cancer hotspot panel. Amplification from a bulk population of cells and a wholegenome amplified from a single cell from the same bulk population were compared.
Sequencing analysis
Sequence coverage was assessed from the distribution of reads across target amplicons as shown in For the bulk population of cell,the percentages of sequence covered at coverage of more than 100 × were 99.04% for the HID panel and 98.83% for the Cancer panel, while the single cell percentages of sequence covered at coverage of more than 100× were 55.93% for the HID panel and 65.96% for the Cancer panel. These differences were likely due to partial amplification failure or randomly distributed nonamplified regions across samples from single-cells during the WGA procedures or due to random allele drop out. Increased incidences of amplification failure and allele drop out have been previously reported (Garvin et al., 1998) .
Comparative analysis between A549 single and bulk cells
We made a comparative analysis between two A549 single-cell replicates (Library prep replicate #1 and Library prep replicate #2) and between an A549 single cell and an A549 population of cells. Correlations for read depths between two A549 single-cell replicates and between an A549 single cell and an A549 population of cells are shown in Fig. 3 .
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Cancer gene analysis
A Cancer gene panel was used for a functional analysis (Table 3) . We again found high concordance rates between A549 single cell Library prep replicates #1 and #2 and between an A549 single cell and an A549 population of cells. A total of 11 variants were typed for both samples, of which 1 was partially matched and 5 SNPs were not detected because of low or no depth in the single cell Library prep replicates #1 and #2 data set. A total of 16 variants were detected in A549 single cell Library prep replicates #1 and #2 cell and 13 variants were detected in an A549 population of cells; 11 variant cells were perfectly consistent. Five SNPs were called as variants and some discrepancies were observed. No frameshifts or deletions were observed at 2790 hotspots.
Discussion
We have described a genomic single-cell identification method with simultaneous functional analysis using NGS. We used the A549 cell line to check for concordance rates between a single cell and ≈10 6 cells in a bulk population. Working with single cells requires careful monitoring, for which two approaches are primarily used: LCM and cell sorting. Using these approaches, technical contamination should be ruled out. Sources of contamination can be unrelated genetic material that is inadvertently introduced into a sample. Simple and robust techniques to identify or confirm the genetic origin of a cellular material under investigation are a critical quality control step. With the application described here, we paired cell identification with cancer profiling.
HID SNP typing showed high concordance rates between an A549 single cell and an A549 population of cells. However, some SNPs on autosomal chromosomes and all SNP cells on the Y chromosome in a single-cell data set could not be detected. Depletion of the Y chromosome is often observed for transferred culture cells; thus, this may also have occurred with our preparations (Ono et al., 2001 ). There have been many reports regarding allele drop out and failed amplification rates after single cell WGA (Baslan et al., 2012; Spits et al., 2006; Handyside et al., 2004 Handyside et al., , 2010 Konings et al., 2012) .
Regarding the WGA methodology, some investigators have indicated that multiple displacement amplification (MDA), such as with QIAgen's REPLI-g technology, was more appropriate for microarray genotyping applications than PCR-based WGA, such as the NEB WGA kit used in this study (Treff et al., 2011) . MDA-based WGA (Repli-G) may result in less allele dropout, which may suggest better results for the AmpliSeq protocol. We intend to compare amplification methodologies in future studies. Although genomic instability or inefficient WGA may compromise analysis using single cells, we used 136 SNPs that were evenly distributed across the entire genome for discrimination purposes. Thus, despite the fact that some genome regions were missing in our single-cell data sets, the HID SNP set used here retained its discriminatory capability. To confirm the utility and robustness of our method, we intend to repeat our experiment using more single cell replicates and different cell-picking methods. The former should help to understand genomic instability or efficiency of WGA, the latter should help identify any background that results from using LCM. Although we plan to explore these Fig. 4 . Allelic description plots as replication study using TaqMan® SNP genotyping assays. To validate SNP HID sequencing results, allele-specific real-time PCR was performed. Four representative plots showing performance of four assays in analysis of A549 samples and reference samples. VIC signal (x-axis) is associated with the probe for allele A (graph (1), (3)) and allele C (graph (2), (4)), while FAM (y-axis) labels the allele G (graph (1), (3)) and allele T (graph (2), (4)) probes. Aqua blue × symbols indicate A549 bulk cells and a single cell with NGS reads data. Circles symbols and black × symbols indicate 20 Coriell gDNA samples as reference.
Table 3
Comparative analysis for the Cancer hotspot panel of 50 cancer-related genes.
issues in the future, in this report, we cannot deal with these issues because of the costs involved and the labor-intensive nature of the procedures used.
Regarding cancer gene analysis, 5 SNPs were called as variants and some discrepancies were found. Only 3 of 5 variants were detected for the ataxia telangiectasia mutated (ATM) gene. This was likely due to random non-amplified regions across samples of single cells during WGA.
Other possible applications for our method include forensics, transplantation medicine, regenerative medicine, and pre-natal testing using maternal blood (Fan et al., 2008) . Forensic samples are often heterogeneous. In many cases, samples at crime scenes are mixtures from multiple subjects (e. g., offender, victim, or unrelated individual). Single-cell analysis should remove any ambiguity in data interpretation.
In conclusion, our method provides an easy to implement and effective method to investigate sample heterogeneity in various areas, such as tumor biology, forensics, regenerative medicine, and fetal DNA tracing in maternal blood samples.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.atg.2014.05.004.
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